Substrates 
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C, N and S 



Monomers 



Reducing equivalents 
(NADPH, NADH) 



Products 
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AccMMurmuMOHHbie npoueccbi y npoKapnoT 

Accm mm/151 14 m 51 yrnepofla 

MeraHO- u\ MemnoTpofpMfi KaK BapkiaHT 
yr^epoflHOM xeMO/iMTOTpoc[)m/i c BOCCTaHOB/ieHMeM 
OAHoymepoflHbix coeAMHeHMM ao 4>opMa/ibAerMAa 



MeTMfiorpofpbi - o6lmmm K/iacc reTepoTpocjDHbix aspoboB, KOTopbie 
MoryT yTM-nn3npoBaTb pa3Hbie OAHoymepoAHbie MO/ieicy/ibi - 
npeflCTaBMTe-nM Pseudomonas, Bacillus, Vibrio. 

MeraHOTpcHfibi (Methylomonas, Methylococcus) MMeK)T MeTaH- 

MOHOOKCMreHa3y - wi/ipoKafl cybcrpaTHafl cneun^nHHOCTb (MeTaH, 
6poM03TaH, 3TaH, nponaH, xjiopoMeTaH, xpi/ix/iopsTi/meH m Ap.) 
MO>KeT KaTa/iM3npoBaTb KaK OKuc/iem/ie, TaK m BoccTaHOB/iem/ie. 

CH 4 +0 2 +HAflH^CH 3 OH + H 2 0+HAfl+ (MOHOOKCnreHa3a) 
CH 4 +0 2 +umt.c bocct^CH 3 OH + H 2 0+i4mt.c okmcji 




CrmpTbi, KOTopbie o6pa3yK)TCfl MoryT Mcnojib30BaTbCfl Ann o6pa30BaHMfl 
ctDopMa^b^ernfla CH 3 OH+X^HCHO+XH 2 (MeTaHO/ifll") 

♦ fla/iee B03M0>KHbi 2 peaKui/m (nocneflOBaTejibHoe OKHC/iem/ie 
cjDopMajibflemAa ao C0 2 ) 

HCHO+X+H 2 O^HCOOH+XH 2 ((feopMa/ibA-flflr) 

HCOOH + HAfl->C0 2 +HAflH (cjDopMuaTflr) 

OopMa/ibAeriiA MOweT ncno/ib30BaTbC5i 

Y MeTaHOTpoc[)OB Ann cm-iTe3a nnMuepajibflerM.aa 

♦ pn6yji03Q-MOHo4)oc4)aTHbiM LikiK/i : cm-rre3 nnMuepa/ib.aem.aa M3 3x 
MO/ieicy/i clDopMajibAerMfla c 3aTpaTOM ATO (Methylomonas, 
Methylococcus) 




y MeTMJioTpocfioB ctJopManbflernfl ncnonb3yeTca p,nn cnHTe3a ceprnia 



Formaldehyde (HCHO) 




Methylene 

tetrahydrofolate 



o 




Hydroxy pyruvate 



(H 2 N — CH 2 — COQtl) Glycine 



Recycle 



HC-COOH Glyoxylate 



OH 

I 



O 




(HOOC -CH 2 -CH 2 -C-S-CoAJ Malyl-CoA 



NADH 
/ „ NAD h 



Glycerate 





ATP 



Ph o s p hoer ol py r uvote 







Oxaloacetate (HOOC - C - CH 2 ~ COOK) 



Acetyl-CoA 

. I 

To biosynthesis 



ADR +(pj^) 




Fig. 5- 1 0 Serine Pathway of Methylotrophic Bacteria. The serine pathway for the assim- 
ilation of C-l units into cell material by Type II methylotrophic bacteria. 




AccMMMJi^uMOHHbie npoueccbi y npoKapnoT 



ACCMMM/151L(li51 a30Ta: 

BK/itOHeHne a30Ta aMMuaKa b cocraB aMm-io- v \ aMMflo-rpynn 

aMMHOKMC/lOT 



The Nitrogen Cycle: 
Aerobic 




Nitrate respiration 
( dissimilation) 



NO; 



Acci/iMi/i/m 141/m 
aMMuaKa 



Organic N 



r,r ic ati 



on 




Anaerobic 



LImkti a30Ta b 

npnpo,qe 









N-cycle 

scheme 



Biomass 



N0 3 _ is used as nitrogen source for growth under aerobic conditions using 
an assimilatory N0 3 reductase, while it acts as an electron acceptor to eliminate 
excess of reductant power through dissimilatory N0 3 reduction. 

Dissimilatory N0 3 reduction, N0 3 respiration or denitrification are often used 
equivalently in the literature. However, dissimilatory pathway makes reference to 
non-assimilatory reactions that are not directly coupled to generation of proton- 
motive force. 




N-cycle 

scheme 



Biomass 



In some Enterobacteriaceae, N0 2 " is reduced to NH 4 + which is then excreted; 

this process is known as N0 3 ~/N0 2 ~ ammonification . 

Specialised organisms are able to oxidize either NH 4 + or N0 2 " by using a pathway 
called nitrification , while other organisms such as some planctomycetes oxidize 
NH 4 + and utilize N0 2 'as respiratory electron acceptor in a pathway 
named anammox. Finally, ( di)nitrogen fixation allows to reduce N 2 to NH 4 + to 
provide N-requirements. 




a-ketoglutarate 



Glutamate 



GOGAT 



Glutamine 



Glutamate 



Glutamate +NADP + +H 



a-ketoglutarate + NADPH + H 



Assimilatory nitrate 
reduction in Hfx 
mediterranei 



Nas: assimilatory nitrate reductase; 
NiR: assimilatory nitrite reductase; 
Fd: Ferredoxin; 

GDH: glutamate dehydrogenase; 
GS: glutamine synthetase; 

GOGAT : glutamate synthase. 



The Nitrogen Cycle: 



Aerobic 




Anaerobic 



The Fate of Ammonium 

Carbamoyl-phosphate synthetase I 

- two ATP required - one to activate C02, one to 
phosphorylate carbamate 

Glutamate dehydrogenase 

- reductive amination of alpha-ketoglutarate to form 
glutamate 

Glutamine synthetase 

- ATP-dependent amidation of gamma-carboxyl of glutamate 
to glutamine 







flpi/1 BbicoKkix KOHueHTpaun^x aMMHaKa 



c yMacTneM myTaMaTflr (GDH) m 
. qa/iee r/iyTaMHH-cnHTeTa3bi (GS). 
Hy>KHbi 1ATO n 1NADPH 



(a) NH| + a-Kctoglutaratc + NADPH — DH ■■ Glutamate + NADP + + H ? 0 

GS 

(b) Glutamate + NH+ + ATP J *' Glutamine + ADP + F; 

SUM: 2 NHj + ot'Kctoglutarale + NADPH H - ATP ► Glutamine + NADP+ + ADP + P s + H a O 






npi/l HM3KMX KOHUeHTpai4M51X aMMi/iaKa 

c ynacTMeM r/iyTaMMH-CMHTeTa3bi (GS) m 
aa/iee DiyTaMMH-OKConriyTapaT aMMHOTpaHCc|Depa3bi (GOGAT). 

Hy>KHbi 2 ATO m 1NADPH 







tat 2 NHj + 2 ATP + 2 Glutamate — ^ 


* 2 Glutamine + 2 ADP + 2 Pl 


(b) NAD PH + tt-Ketoglularate + Glutamine 


GOGAT 2 Glutamate + NADP + 



SUM: 2 NIlJ + tt-Ketoglutarate 4- NADPII + 2 ATP 



Glutamine + NADP + + 2 ADP + 2 Pj 




AccMMMrmuMOHHbie npoueccbi y npoKapwoT 



♦ ACCMM M/151 IJM51 cepbl 

BoccTa h ob/ 1 eH i/i e cy/ibcpaTa ao cyjit>c|Di/iAa m Aa/iee 
BK/iK)MeHne cepbi b ui/iCTemn nepe3 o6pa30Bam/ie 
aAeH03MHc|Doccpocy/ibc|DaTa (A(DC) 1/1 TMopeAOKCMHa 



ATP+S0 4 ' 2 —( ATP-cynb<fiypuna3a )-> AfleH03MH 5'-c|30Cc|Docynbc|3aT+PPi. 

ATP+AOC — ( A(PC-cpoccpoKUHa3a )-> AfleH03MH -3 -O 5'-c|Doc<£ocyjibc|DaT (OAOC) +AflP 

2R — SH+OAOC — (0A0C pedyKma3a) > Cynb4)MT+AMP-3'0+R— SS— R 

(R-SH — Ti/iopeflOKci/m; BoccTaHOBJieHHa^: cfcopivia pereHepi/ipyeTCfl m oKMcneHHOM) 

Cy/ibc|DMT+3NADPH — (cynbcpumpedyKma3a) » H 2 S+3NADP 

0-ai4eTMJi-L-cepnH+H 2 S -(0-au,emuficepuH au,emamnua3a )-> L-MMCTenH+Ai4eTaT+H 2 0 




Reductive sulfate assimilation pathway in bacteria and its relations with the nitrogen and 

carbon assimilation pathways. 
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OuKcauMfl yrnepofla 




1) UI/ 1 KJ 1 Ka/lbBMHa 

(pn6y^030-6ncct)0Cc|DaTHbm umkji c K/iicmeBbiM c|DepMeHTOM RUBISCO) 




60©0 P 

3-Phosphoglyceric acid 



P-00O00-P 

Ribulose bisphosphate 
(RuBP) 





CALVIN-BENSON 

CYCLE 



6 p-GGG-p 

1,3-Bisphosphoglyceric acic 



From light- 
dependent 
reactions of 
photosynthesis 
or catabolic 
pathways 



5000-p 

G3P 




6000- p 

Glyceraldehyde 3-phosphate 
(G3P) 




Calvin- 
Benson Cycle 



i QOQ p QGG p 

G3P >y ^ G3P 



From the 
Calvin-Benson 
cycle or 
glycolysis 



Glucose 6-phosphate 



Glucose 



I 








2) BOCCTaHOBklTe/lbHbm UTK 



Cell biomass 




Phosphoenolpyruvate 




Oxaloacetate 




Fig. 5-6 Reductive Tricarboxylic Acid Cycle. The reductive tricarboxylic acid cycle of 
some photoautotrophs converts CO z molecules into an oxaloacetate molecule for incorporation 
in cell biomass. 





Cell material 




Fig. 5-7 Hydroxy propionate Pathway. The hydroxypropionate pathway of Ckloroflexus con- 
verts C0 2 into acetyl-CoA for incorporation into cell biomass. 



3) ruflpoKCM- 
nponnoHaTHbm 
nyTb ct>MKcai4MM C 





4) OMKcauMfl yrnepofla b peaKiji/mx Kap6oKcminpoBaHi/m nnpyBaia 



CH, 

I 

c = o 

I 

COOH 



ATP ADP 

XL 



CH, 

II _ 

c — o® 

COOH 



CH, 

i 3 

c = o 

I 

ch 2 

I 

COOH 



Pyruvate 



Phosphoenolpyruvate 



ADP + 



Oxaloacetate 



Fig. 5-8 C 4 Pathway. The C 4 pathway adds C0 2 to either pyruvate or phosphoenolpyruvate 
to produce oxaloacetate. 





<t> i/i Kca lima a30Ta 



The Nitrogen Cycle; 



Aerobic 




Nitrate respiration 
(dissimilation) 

NO a - 

de ^SoT N *°- 




^ 

V 



Organic N 



Anaerobic 






Oi/iKcaui/m a30Ta 



Pyruvate +CoA 



Acetyl-CoA + CO 2 



Pyruvate flavodoxin 
oxidoreductase 



Flavodoxin 

(Oxidized) 



Flavodoxin 

(Reduced) 



Nitrogenase 

enzyme 

complex 



Dinitrogenase 

reductase 

(Reduced) 

ATP 



Dinitrogenase 

(Oxidized) 



Dinitrogenase 

reductase 

(Oxidized) 

ADP + Pj 

Dinitrogenase 

(Reduced) 



2 NH 3 

c 2 h 4 




Products 



Figure 1 7-71 a Brock Biology of Microorganisms 1 1 /e 
© 2006 Pearson Prentice Hall, Inc. 



n 2 

c 2 h 2 

2 H + 

Nitrogenase 

substrates 



8H++ 8e-+ N 2 
16-24 ATP 



2NH 3 + H 2 

16-24ADP + 16-24Pi 







A 220 kD heterotetramer 




4 4 Fe 4 Fe 



Each molecule of enzyme contains 2 Mo, 
32 Fe, 

30 equivalents of acid-labile sulfide 
(FeS clusters, etc) 

4 of 4Fe-4S clusters + 

2 FeMo-Co, an iron-molybdenum cofactor 
Nitrogenase is slow - 12 e - pairs per 
second, i.e., only 3 N 2 per second 






h 2 n-nh 2 




Overall reaction 

8 H + + 8 e" + N 2 — *■ 2 NH 3 + H 2 

(16-24 ATP 16-24 ADP + 16-24 P|) 

Figure 1 7-71 b Brock Biology of Microorganisms 1 1 /e 
© 2006 Pearson Prentice Hall, Inc. 









Some nitrogen-fixing organisms 



Chemo- 

organotrophs 


phototrophs 


Chemo- 

lithotrophs 


Free-living aerobes 


Azotobacter spp. 
Azomonas 
Beijerinckia 

Bacillus polymyxa 


Cyanobacteria 

(various, but not all) 


Alcaligenes 

Thiobacillus 


Free-living anaerobes 


Bacteria: 

Clostridium spp. 
Desulfovibio 
Desulfotomacullum 


Bacteria: 

Chlorobium 

Rhodospirillum 


Archaea: 

Methanosarcina 

Methanoccous 



N2 fixation occurs only under anoxic condition 







Anabolic Pathways 

♦ Anabolic reactions are synthesis reactions - require 
energy and source of metabolites 

♦ Energy derived from ATP from catabolic reactions 

♦ Glycolysis, the Krebs cycle, and the pentose phosphate 
pathway provide twelve basic precursor metabolites from 
which all macromolecules and cellular structures are made 

♦ Many anabolic pathways are the reversal of the catabolic 
pathways 

- Reactions that can proceed in either direction are 
amphibolic 




cell wall 
(murein) 




RNA 



Metabolic 
pathways 
in bacteria 




cell wall 
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RNA 



Main 

metabolites 
in bacteria 




KntoneBbie MeTa6onmbi b 6nocw-rre3ax 



Precursor Metabolite 


Pathway Generated 


Biosynthetic Role 1 ^ ^ 


Glucose 6-phosphate 


Glycolysis 


Lipopoly saccharide 


Fructose 6- phosphate 


Glycolysis 


Reptidoglycan 


Di hydroxy acetone phosphate 


Glycolysis 


Lipids (glycerol component) 


3-pho$phog[ycerate 


Glycolysis 


Protein (the amino adds cysteine, glycine, and serine) 


Phosphoenol pyruvate 


Glycolysis 


Protein (the amino adds phenylalanine, tryptophan, and tyrosine) 


Pyruvate 


Glycolysis 


Proteins (the amino acids alanine, leucine, and valine) 


Ribose 5 -phosphate 


Pentose phosphate cycle 


Nucleic adds and proteins (the amino add histidine) 


Eiythiose 4 -phosphate 


Pentose phosphate cycle 


Protein (the amino acids phenylalanine, tryptophan, and tyrosine) 


Acetyl -CoA 


Transition step 


Lipids (tatty acids) 


a-ketoglutarate 


TCA cycle 


Protein (the amino adds arginine, glutamate, glutamine, and prolire) 


Oxalo acetate 


TCA cycle 


Protein (the amino adds aspartate, asparagine, isoleucine, lysine, 
methionine, and threonine) 




Anabolic Pathways - Carbohydrate Biosynthesis 













□ Polysaccharides are synthesized from activated forms 

of hexoses such as UDPG. 



hoch 2 




HO OH 



Uridine diphosphoglucose (UDPG) 

Figure 5-25a Brock Biology of Microorganisms 1 1/e 
© 2006 Pearson Prentice Hall, Inc. 



Glycogen is biosynthesized 
from adenosine- 
phosphoglucose by the 
sequential addition of glucose 




□ Gluconeogenesis 



C2, 03, C 4 , C5, Compounds 




Citric acid cycle 



l 

Oxalacetate 

i 



Phosphoenolpyruvate + CO2 

i 

Reversal of glycolysis 



Glucose-6-P 



Figure 5-25c Brock Biology of Microorganisms 1 1/e 
© 2006 Pearson Prentice Hall, Inc. 





Pentoses for nucleic acid synthesis are formed by decarboxylation 
of hexoses like glucose-6-phosphate 



Ribulose-5-P + CO 2 



Ribose-5-P 

/ \ 

/ \ 

Ribonucleotides Ribonucleotides 



NADPH 



RNA 



1 

Deoxyribonudeotides 



Ribonucleotide reductase 

DNA 



Figure 5-25d Brock Biology of Microorganisms 1 1 /e 
) 2006 Pearson Prentice Hall, Inc. 





□ Peptidoglycan synthesis: synthesis of polymer 
from N-acetyl-muramic acid and transpeptidation 



Polymer of disaccharide: 

- N-acetylglucosamine 

(NAG) 

- N-acetylmuramic acid 

(NAM) 



Peptidoglycan 



N-acetylglucosamine N-acetylmuramic 
(NAG) acid (NAM) 





UDP - NAM 



Cytoplasm 



Cycloserine 



Pentapeptide 
P)®- NAM -NAG 



Bacitracin 




Exterior 



Pentapeptide 



®©- NAM -NAG 



Pentapeptide 



Vancomycin 



CELL WALL SYNTHESIS IN BACTERIA 



MurNacP-PU 
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MECHANISM AND CONTROL OF CELL WALL 
SYNTHESIS IN BACTERIA 

J. Baddiley 



Vancomycin 

Ristocetin 



Acceptor 

Peptidoglycan 





Compare the effects of lysozyme and penicillin 



A/-Acetylglucosamine (G) 



A/-Acetylmuramic acid (M) 




Lysozyme 



Penicillin- 

prevents 

crosslinking 







* V 



The Gram Stain 




(a) Gram-Positive 



(b) Gram-Negative 





KneTOHHafl CTeHKa fpai\/i+ 6aKTepi/m 



( Q N-acetylglucosamine (NAG) 

[) N-acetylmuramic acid (NAM) 
0 Side-chain amino acid 



0 Cross-bridge amino acid 




(b) Gram-positive cell wall 




Plasma 

membrane 



Protein 



Wall teichoic 
acid 



Cell wall < 



Lipoteichoic 

acid 
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TeMxoeBbie 

KMCJlOTbl 




Glycerol teichoic acid 




Lipoteichoic acid from membrane of Staphylococcus aureus 




OH 



UDP 




Lipid — P-OH 





Glycerol — P —Glucose — P 

II 

O 



Figure 12, Synthesis of wall teichoic acid in Bacillus Hcheniformis 
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lipid bilayer) 
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mRNA 



Protein synthesis 
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Cell wall anchor structure of staphylococcal surface proteins. 



Surface protein 



Mutanolysin 
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Marraffini L A et al. Microbiol. Mol. Biol. Rev. 2006;70:192-221 
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Synthesis of capsules 




Capsule in Acinetobacter species by gram negative staining 



Courtesy of Elliot Juni, Department of Microbiology and Immunology, The 
University of Michigan 



npoTenHOBbie S-cnon 



Variable chain 




Core 

region 



Glycosidic j 
linkage 



n — 30 
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TeKcaroHa/ibHaa 6e/iKOBan 
peiueTKa Ha noBepxHOCTM 
KJieTKM Thermoanaerobacter 
thermohydrosulfuricus 

F - flagellum 
bar - 100 nm 
/Electron micrograph/ 




CrpoeHi/ie mm<onpoTeMHOB S-cnoa b Bacteria 

3 aLUTpnxoBaHHbie KBaApaTbi = r/iK)K 03 a (b 
ceMePicTBe Bacillaceae o 6 bNHO 6 -) 

Kpyr = r/iHK 03 M/iMpoBaHHa^ AK b 6 e/iKe S-cnoa 

n - HHC/IO nOBTOpOB eflMHMU 
m - HHCJIO KOpOBbIX r/lK)K03 

p - HMC/10 OAMHOHHbIX r/lt0K03 B yKOpOHeHHbIX 
r/iHKaHax 










ripOC|DMnb KJieTOHHOM CTeHKM C 
(A) 6enKOBbiM S-cnoeM m 
(B) rJIMKOnpOTeMHOBbIM 

S-cnoeM b Gram+ bacilli 



OMepMeHHbie OBa/ibi - SCWP, KOBa/ieHTHO 
npMLUMTbie K MypaMOBOM KMC/lOTe 
nenTMflor/iMKaHa m HeKOBa/ieHTHO 
npucoeAMHeHHbie k 6e/iKy S-cnofl. 

♦ CM - i4MTon/ia3M.MeM6paHa 
MP - MeM6pam-ibiM 6e/iOK 

♦ PG - peptidoglycan 

♦ SP - S-layer protein 

♦ SLG - S-layer glycoprotein glycan 
SCWP - secondary cell wall polymer 





Structures of SCWPs of S-layer carrying Bacillaceae* 



ifco ^rifcFizk^wL 



Thermoanaerobacterium thermosaccharolyticum D 120-70 and E207-71 



Geobacillus stearothermophilus NRS 2004/3a 
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3^®06^ 

L J n-4 



Geobacillus tepidamans GS5-97' (DSM 16325 T ) 
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Aneurinibacillus thermoaerophilus DSM 10155 





tdp 


■F 


t» 






P3 






m3| 


■i* 




P3 




^3^H|v4 




P3 






al.O 




ex 3: 








Cell Surface Layers 



♦ slime layer 

-disorganized and loosely attached 




Cm-iTe3 6aKTepnaribHoro 

>KryTMKa 
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Filament 
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Flagellum 



Filament 



Hook 



Peptidoglycan 



Flagellum 



Hook 



Cell wall 



Basal body 
Peptidoglycan 
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membrane 



Plasma 
membrane 



Cytoplasm 



r - . . ( a ) Parts and attachment of a flagellum of a 

basal ooay gram . ne gative bacterium 



gram- 



(b) Parts and attachment of a flagellum of a 
gram-positive bacterium 



Gram- 

positive 



Cell wall 







CnHTe3 m c6opKa SaKTepnaiibHoro yKryima 











The completed flagellum traverses 
the inner membrane (IM), the 
peptidoglycan layer (PG), and the 
outer membrane (OM) comprising 
lipopoly-saccharide (LPS) in the 
outer leaflet. 



V 







FlgB r FlgC FlgF... FlgM,., 



Mutations in FlgG affect the 
conformational switch. Rod 
elongation affect the timing of 
substrate secretion. This results 
in formation of a periplasmic 
flagellum in FlgG point mutants 





Arrangements of Bacterial Flagella 






(c) Lophotrichous 



1 nm 



(d) Peritrichous 
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